ABSTRACT. Deer species of the genus Mazama show significant inter-and intraspecific chromosomal variation due to the occurrence of rearrangements and B chromosomes. Given that carriers of aneuploidies and structural rearrangements often show anomalous chromosome pairings, we here performed a synaptonemal complex analysis to study chromosome pairing behavior in a red brocket deer (Mazama americana) individual that is heterozygous for a Robertsonian translocation, is a B chromosome carrier, and has a multiple sex chromosome system (XY 1 Y 2 ). The synaptonemal complex in spermatocytes showed normal chromosome pairings for all chromosomes, including the autosomal and sex trivalents. The electromicrographs showed homology among B chromosomes since they formed bivalents, but they also appeared as univalents, indicating their anomalous behavior and non-Mendelian Meiotic pairing in a red brocket deer segregation. Thus, synaptonemal complex analysis is a useful tool to evaluate the role of B chromosomes and rearrangements during meiosis on the intraspecific chromosomal variation that is observed in the majority of Mazama species.
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INTRODUCTION
For some deer species, the study of chromosomes can provide important tools for taxonomy, management, and conservation, since intraspecific karyotypic variation has a limit imposed by meiotic stability in the production of gametes. Variations in the number and structure of the chromosomal sets of 2 individuals can result in reduced fertility in their descendants. This is especially relevant for Neotropical deer of the genus Mazama, which demonstrates similar morphology but major cytogenetic differences due to inter-and intraspecific polymorphisms Jorge, 1996, 2003; Abril and Duarte, 2008; Duarte et al., 2008; Abril et al., 2010) . One possible explanation for the frequent occurrence of these polymorphisms is the chromosomal fragility observed in Mazama (Vargas-Munar et al., 2010) , which increases the tendency of chromosomal breakages (Glover and Stein, 1988) .
During meiotic prophase I, homologous chromosomes interact with one another and form bivalents. At the zygotene stage, the structure of the synaptonemal complex begins to form, providing the basis for the correct disjunction of chromosomes at meiosis and genetic recombination between homologous chromosomes (Bogdanov, 2003) .
Anomalous pairings in animals with chromosomal rearrangements may result in spermatogenic arrest, leading to the production of unbalanced gametes and a reduction in fertility (Switonski and Stranzinger, 1998) . The main distinction between homozygotes and heterozygotes with respect to centric fusions is determined by the presence of trivalents in heterozygotes at the pachytene and diplotene stages (Wallace et al., 1992) .
B chromosomes, also called accessory or supernumerary chromosomes, show particular meiotic behaviors. Dispensable to the individual, they have non-Mendelian segregation and high polymorphism. Inter-and intra-individual variation in the number of B chromosomes appears to be due to their irregular behavior during meiosis and mitosis (Jones and Rees, 1982) . Synaptonemal complex analyses of mammals carrying B chromosomes have shown that synaptic behavior depends on the number of these chromosomes in the spermatocytes. Univalents, bivalents, trivalents, and/or bivalents + univalents have been observed when 1, 2, or 3 B chromosomes, respectively, were present in the cell (Switonski et al., 1987a; Shi et al., 1988) .
In this study, we focus on chromosomal variation in the red brocket deer (Mazama americana). Cytogenetic and molecular studies of several populations of this species throughout Brazil showed that many karyotypic variants exist with different geographical distributions. These variants were classified as the following cytotypes, which represent significantly differentiated populations (Sarria-Perea, 2004; Duarte et al., 2008; Abril et al., 2010) : Paraná (2n = 52♀/53♂ + 3-4B and FN = 56); Carajás (2n = 50♀/51♂ + 3-4B and FN = 54); Santarém (2n = 50♀/51♂ + 3-6B and FN = 56); Jari (2n = 48♀/49♂ + 4-5B and FN = 56); Juína (2n = 44♀/45♂ + 3-6B and FN = 48); Rondônia (2n = 42♀/43♂ + 3-5B and FN = 46); and Acre (2n = 46♀/47♂ + 3-4B and FN = 56). The evolutionary processes and the chromosomal differentiation of this species have mainly been driven by tandem and centric fusion (Abril et al., 2010) .
Moreover, a multiple sex chromosome system, XX/XY 1 Y 2 , was first described in this species after a G-banding study of animals from Brazil (Sarria-Perea, 2004 ). This multiple sex chromosome system possibly arose when an X-autosome translocation took place in an ancestor of the species.
B chromosome variation has been observed in several species of Neotropical deer (Duarte and Jorge, 2003; Abril and Duarte, 2008) . For M. americana, B chromosomes appear to be an important source of inter-and intra-individual variation (Sarria-Perea, 2004; Abril et al., 2010) . However, no study has yet investigated meiotic behavior in Neotropical deer species. Rearrangements, such as centric fusions, tandem fusions, and inversions, are responsible for producing high intraspecific chromosomal variation, but the impact on such carriers when heterozygous remains unknown (Abril and Duarte, 2008; Abril et al., 2010) .
In this study, we investigated the process of chromosome synapsis in 1 male M. americana with a Robertsonian heterozygous chromosome pair, B chromosomes, and a multiple sex chromosome system (XY 1 Y 2 ).
MATERIAL AND METHODS
One adult male M. americana (T269) was analyzed while maintained in captivity at the facilities of the Deer Research and Conservation Center (Núcleo de Pesquisa e Conservação de Cervídeos, NUPECCE), Jaboticabal, SP, Brazil. This deer was wild-born in the city of Buritis in the State of Rondônia, Brazil.
Mitotic chromosome preparations and staining were performed using methods described in Verma and Babu (1995) , G-banding was accomplished according to methods described in Seabright (1971) , and Ag-NOR staining was accomplished according to the Howell and Black (1980) technique. Metaphases were analyzed with optical microscopy (Olympus BX60) with a digital camera (Olympus Camedia C5060) and the images were edited using the Adobe Photoshop CS2 software.
Synaptonemal complex analysis was performed as described by Wise and Nail (1987) , with modifications. The testicular material was obtained by needle biopsy and placed in the Hanks saline solution. For cell suspension preparation, the material was placed in a few drops of Hanks solution over an inverted Petri dish covered with a parafilm layer and carefully minced with a razor blade. The cell suspension was transferred to a centrifuge tube placed on ice. After centrifugation for about 13 min, the supernatant was discarded, the pellet was diluted to the desired concentration, and 1 drop was transferred to a slide covered with thin triacetate film (1% chloroform). Two drops of 0.03% Triton X100, pH 7.5, were added and approximately 13 min later, 6 drops of fixative solution [4% (w/v) paraformaldehyde] were added and the slide was shaken in order to mix the solutions. The slides were then laid flat on a support and allowed to dry overnight at 45ºC. After drying, the slides were rinsed for 1 min in a 0.4% "Photoflo" solution (Kodak Co.) followed by distilled water, left to dry in a vertical position and then silver-stained (Sherman et al., 1992) . After light microscope analysis, the meiotic cells were transferred to 50 mesh copper grids while covered with triacetate film. Electron microscopic analyses were performed at 80 kV with a Phillips EM301 instrument. Photographs of 4 cells were taken.
RESULTS
The M. americana male analyzed (T269) showed 2n = 42 and FN = 46 and presented a centric fusion in heterozygous form between chromosomes 7 and 20, as well as variation in the number of B chromosomes (2 to 5) and an X-autosome fusion, resulting in a multiple sex chromosome system (XY 1 Y 2 ) (Figure 1) . Due to the quality of biopsy sampling, it was only possible to analyze 4 meiotic cells. We found complete pairing of the autosomal chromosomes in 2 of the 4 cells, which were characterized as being in the substage of pachytene (Figure 2a and b) . In the third cell, it was apparent that synapsis was not complete and the extremities of some chromosomes were not paring, indicating that the cell was either in the late zygotene or in the early pachytene stage (Figure 2c ). In the fourth cell analyzed, the chromosomes were superposed, which made analysis difficult, but we were nevertheless able to classify it as being in early pachytene due to the high number of bivalents (Figure 2d) .
The synaptonemal complex karyotype was prepared from one of the cells analyzed (Figures 2a) . This cell contained 18 autosomal bivalents, 1 autosomal trivalent due to a centric fusion between chromosomes 7 and 20, the sexual trivalent, and 2 bivalents formed by pairings of 4 B chromosomes (Figure 3 ). When mitotic chromosomes were subjected to Ag-NOR staining, 2 pairs were identified as carriers of active nucleolar regions. Pair 1 showed an interstitial mark on the long arm and pair 8 showed a terminal mark. These same NOR-bearing chromosomes were also identifiable in the meiotic analyses (Figure 3) . Regarding the multiple sex chromosome system, XY 1 Y 2 , a trivalent configuration was also identified in the pairing of these chromosomes due to an X-autosome translocation that occurred in an ancestor of the species ( Figure 5 ). As expected, Y 1 , which is unique to this species, partially paired with the X chromosome only in the pseudoautosomal region, while Y 2 , the ancestral autosome, was completely associated with the distal third of the long arm of X. A comparison between mitotic and meiotic sexual chromosomes allowed correct identification of sex chromosomes in the trivalent (Figure 5b ). B chromosomes were found as bivalents, as autopaired univalents, and as univalents (Figure 6a-d) . They were classified as B chromosomes after the identification of 18 autosomal bivalents and 2 trivalents (autosomal and sexual), due to their numeric variation among several cells, and due to their smaller length relative to all chromosomes. 
DISCUSSION
The high incidence of polymorphism in M. americana and other species of this genus has incited questions as to whether such polymorphisms could lead reproductive isolation due to failures in meiotic pairing Jorge, 1996, 2003; Duarte et al., 2008; Abril and Duarte, 2008) . Wallace et al. (1992) indicated that in the wild house mouse, a single Robertsonian heterozygote could have near normal fertility.
Although few cells were analyzed in this study, the pairing of autosomes involved with centric fusion could nonetheless demonstrate that the formation of unbalanced gametes is highly unlikely, since this trivalent usually had a single side arm at the position of the centromeres as a result of the nonhomologous pairing of the acrocentrics. However, the likelihood of the production of unbalanced gametes increases with the accumulation of rearrangements in heterozygous form (Wallace et al., 2002) . This association could be confirmed with metaphase II analysis if homologous pairs already appear to be separated, but this analysis could not be executed for this study. However, the fertility of this male could nonetheless be demonstrated, since it had produced 4 descendants at the time of this publication. Switonski et al. (1987a) suggested that the absence of pairing in the centromere region of rearranged chromosomes could indicate that pairing was initiated in the telomere region and the centromere region was the last segment in which pairing could occur. The absence of pair-ing between the proximal regions of chromosomes 7 and 20 and the rearranged chromosome 7;20 could be due to this process, or alternatively, due to the lack of homology in this region, since the translocated chromosome may have lost its centromere region.
The results obtained in relation to B chromosomes corroborated results of previous studies (Switonski et al., 1987b) , given the observation of univalents and bivalents. The presence of bivalents among the B chromosomes indicates that they are, at least partially, homologous. In some cells, the presence of B chromosome bivalents was observed, while in others, only one univalent was identified, confirming their anomalous behavior and non-Mendelian segregation.
The observed multiple sex chromosome system, XY 1 Y 2 , has also previously been described by Pathak and Lin (1981) in Muntiacus muntjak. Neitzel (1987) suggested the possibility of this type of rearrangement in a female M. americana born in Paraguay. Furthermore, analysis of chromosome banding confirmed the existence of the multiple sex chromosomes (XY 1 Y 2 ) in all analyzed cytotypes of M. americana: Paraná, Santarém, Carajás, Jari, Juína, and Rondônia (Sarria-Perea, 2004; Abril et al., 2010) . The present study goes a step further, demonstrating the existence of this X-autosome fusion using both chromosome banding and meiotic pairing analyses. The pairing of X and Y 1 chromosomes occurs only in the pseudoautosomal region at one of the extremities of the X chromosome, in which part of Y 1 remains free while the Y 2 chromosome appears to be totally paired with another extremity of X. This pairing suggests that during separation from X in anaphase I, the Y 1 and Y 2 chromosomes migrate together to the same cell. Partial synapsis between the X and Y chromosomes during male meiosis is the rule among eutherian mammals, although there are a few exceptions, mainly involving species with particularly large X and Y chromosomes with large blocks of heterochromatin (Solari, 1974; Solari and Pigozzi, 1994) .
In Sorex araneus, cells at the mid-pachytene stage showed that a differentiated region of the X became visible as a thickened and darkly staining segment with excrescences attached (Pack et al., 1993) . This feature is characteristic of the unpaired region of the X (Solari, 1974) and it was observed here in the sex chromosomes of the red brocket deer ( Figure 5 ) and previously in other mammal species, such as Artibeus lituratus (Solari and Pigozzi, 1994) , Cebus apella paraguayanus (Mudry et al., 2001) , and Muntiacus muntjak (Pathak and Lin, 1981) .
Synaptonemal complex analysis is particularly valuable since the observation of intraspecific chromosome variation due to rearrangements in the majority of Mazama species could be responsible for failures in gametogenesis in specific situations, which could ultimately lead to significant declines in populations or of the species as a whole (Abril and Duarte, 2008) . Therefore, the study of meiotic pairing in captive animals can be used to predict the probability of reduced fertility when rearrangements in the heterozygous condition are accumulated in one individual, further benefiting in situ conservation work.
In the case of M. americana, the tendency for chromosomal fragility (Vargas-Munar et al., 2010) , combined with isolation in refuges , could explain the existence of numerous karyotypic variants observed in Brazil (Abril et al., 2010) . These variants could even be deemed separate species if hybrid sterility among them was demonstrated. Synaptonemal complex analysis could therefore be a determining factor in resolving the variation of this species.
In summary, the present analysis of a deer carrying one centric fusion suggests that this rearrangement has been well supported and has not affected fertility. When it becomes possible to define the level of chromosome variation that affects meiotic pairing, we will be close to defining the number of distinct Mazama species currently present in Brazil.
